Experiments in which several high and/or low frequency stimulation patterns were applied to different groups of afferents in CA1 hippocampal slices revealed the existence of heterosynaptic interactions between LTP and LTD. Specifically, we report that repeated induction of LTD on one input was associated with a heterosynaptic reversal of the LTP previously induced on a separate pathway. Reapplication of high frequency stimulation at the end of the experiment reinstated LTP. This heterosynaptic reversal occurred without modification of naive responses, and it was prevented by D-AP5, an NMDA receptor antagonist, or cyclosporin A, a calcineurin inhibitor. Similarly, induction of LTP on one input was found to reverse heterosynaptically the LTD previously induced on a separate pathway. This effect was also sensitive to D-AP5, it occurred without modification of naive pathways, and LTD could be reinstated by low frequency trains. These results indicate that repeated induction of LTP or LTD on one group of afferents can reset synaptic efficacy at other nonactivated synapses.
Introduction
Synaptic activation using specific patterns of stimulation results in many areas of the central nervous system in long-lasting modifications in the efficacy of synaptic transmission. The best studied example of this type of plasticity is certainly long-term potentiation (LTP), an increase in synaptic efficacy induced by high frequency stimulation and believed to underlie learning and memory mechanisms (Bliss and Collingridge, 1993) . Another form of plasticity, induced by low frequency stimulation and referred to as long-term depression (LTD; see Artola and Singer, 1993; Malenka and Nicoll, 1993) , has also been described in the hippocampus (Dudek and Bear, 1992) and other cortical structures (Artola et al., 1990; Kirkwood et al., 1993) .
Inductions of LTP and LTD produce opposite modifications of synaptic efficacy. Recent reports indicate that these two forms of plasticity can be generated several times one after the other, resulting in levels of synaptic efficacy that are finely tuned as a function of synaptic activity Mulkey and Malenka, 1992) . The mechanisms underlying these two forms of plasticity are still poorly understood, but several results indicate that there are interesting similarities and/or differences with regard to their induction. In both cases, there is a requirement for N-methyI-D-aspartate (NMDA; Collingridge et al., 1983; Mulkey and Malenka, 1992) and/or metabotropic (Bashir et al., 1993a (Bashir et al., , 1993b Kato, 1993) receptor activation to induce the change in synaptic efficacy. In addition, both depend upon a rise in calcium in postsynaptic spines (Lynch et al., 1983; Malenka et al., 1988; BrScher et al., 1992) , although the magnitude and timing of this calcium rise are probably crucial in determining the activation of different sequential biochemical processes (see Malenka and Nicoll, 1993) . Of interest is the observation that phosphorylation mechanisms seem to be important for both LTP and LTD. However, though protein kinases have been predominantly implicated in LTP (see Ben-Ari et al., 1992) , it is probably phosphatases that mainly contribute to LTD (Mulkey et al., 1993 (Mulkey et al., , 1994 . Also, in several of these studies, involvement of kinases or phosphatases could be linked to a postsynaptic activation of the enzymes, suggesting that specific, postsynaptic, calcium-dependent signaling pathways control the direction of the changes in synaptic efficacy produced by a given pattern of stimulation.
Another important question concerning these forms of plasticity is their input and synapse specificity. Although it is well established that induction of LTP or LTD on one input affects only activated synapses (Bliss and Coilingridge, 1993) , there are also a number of reports describing heterosynaptic effects involving nonactivated synapses. One example is the heterosynaptic depression that may accompany induction of LTP in the CA1 area or dentate gyrus (Lynch et al., 1977; Abraham and Goddard, 1983; Bradler and Barrionuevo, 1990; Christie and Abraham, 1992a) . Recently, induction of LTD was also shown to occur on one input when stimulation was preceded by depolarization of the neuron (Debanne et al., 1994) . Finally, there are reports suggesting that induction of LTP in one neuron by pairing single-pulse stimulation and postsynaptic depolarization may also result in the potentiation of the synapses established by the same group of afferents on adjacent neurons (Bonhoeffer et al., 1989; Schuman and Madison, 1994) .
in this study we report another kind of heterosynaptic interaction that was observed while carrying out experiments in which we analyzed the effects of application of several consecutive trains susceptible to induce either LTP or LTD on various inputs. Specifically, we found that repetitive induction of LTP or LTD on one input could result in a progressive reversal of the opposite form of plasticity initially induced on a separate pathway. In other words, repeated induction of LTP or LTD appears to be able to reset synaptic efficacy at other potentiated or depressed, but nonactivated, synapses.
Results
Induction of LTP or LTD on one pathway does not affect synaptic responses elicited on a separate, independent pathway. This is illustrated in the experiments of Figure 1A, in which two stimulating electrodes were placed on both sides of the recording pipette in the CA1 area to activate two groups of synapses to the same dendritic field. Independence of the afferents activated by the two electrodes was assessed by verifying the absence of heterosynaptic facilitation between the two inputs using paired stimuli applied at 50 ms intervals (see Figure 2A ). Application of high and/or low frequency stimulation to one input generated homosynaptic LTP and LTD without noticeable modifications of the control, naive pathway. In contrast, induction of LTD on one pathway was found to affect the LTP previously induced on a separate input. In Figure 1 B, LTP was initially induced on two pathways by coactivation, and low frequency trains were then applied to only one input. This resulted in homosynaptic LTD as in Figure 1A , but also in a progressive heterosynaptic reversal of the LTP induced on the second, separate pathway. Very characteristically, the synaptic responses elicited on the heterosynaptic pathway were slightly enhanced immediately after the low frequency trains and then progressively decreased within 10-20 min. This phenomenon was observed in 13/16 slices tested in this study. Figure 1B summarizes the results of seven experiments carried out with the same protocol. In these experiments, the degree of heterosynaptic reversal of LTP produced by three successive episodes of low frequency stimulation varied between 43% and 98% of the potentiation initially induced. The mean degree of heterosynaptic reversal for the seven experiments was 76% _ 11% of the initial potentiation; i.e., excitatory postsynaptic potential (EPSP) slopes, expressed as a percentage of baseline values, decreased from 188% _ 4% (after LTP) to 122% _ 10% (after three LTD trains). Homosynaptically, the three LTD trains resulted in a reduction from188% _ 5% to 93% ± 6% of the EPSP slope.
To test that these changes were effectively due to both a homo-and heterosynaptic reversal of LTP, high frequency trains were repeated at the end of the experiments. As shown in Figure 1B , this reinstated LTP on both pathways to a level comparable to that initially obtained (169% ± 8% and 186% ± 10% on the pathways that showed homosynaptic LTD and heterosynaptic reversal, respectively; n --7).
One important goal in these experiments was to verify that the different pathways tested were indeed independent. To address this issue, five experiments were carried out as the one illustrated in Figure 2 . First, as already mentioned, we verified that no heterosynaptic facilitation could be obtained when one input was activated 50 ms after the second input. This contrasted with the presence of a marked homosynaptic facilitation using the same interpulse interval ( Figure 2A ). As a second test, LTP was induced in these experiments at 5 min intervals on the two inputs. As illustrated, this exclusively resulted in homosynaptic potentiation without modifications of the other, independent pathways. Finally, as a third test, we used a third independent stimulating electrode placed on the same side of the CA1 area as the electrode used for testing for heterosynaptic reversal. As illustrated, LTD trains applied to the test input resulted in homosynaptic LTD and heterosynaptic reversal of the LTP induced on the other pathway, but no modifications of the responses elicited on the third control input.
We then carried out experiments in which we analyzed the selectivity of this heterosynaptic reversal effect. LTP was induced on the two inputs, as in previous experiments, but we then added 2-D-amino-5-phosphonopentanoate (D-AP5) in the perfusion medium during application of the low frequency trains to one pathway. As shown in Figure  3A , 50 I~M D-AP5 in five experiments prevented or considerably reduced the LTD induced homosynaptically, but also eliminated the heterosynaptic reversal of the LTP initially induced on the separate pathway.
As a further test, we also analyzed the effects of cyclosporin A, an inhibitor of calcineurin, an important phosphatase present at excitatory synapses that was recently implicated in a phosphatase cascade controlling the induction of LTD (Mulkey et al., 1994) . Slices were incubated for 1-2 hr in the presence of 150 I~M cyclosporin A (prepared from 15 mM stock solution in 80% ethanol, 20% Tween 20). As shown in Figure 3B , cyclosporin A at that concentration selectively blocked LTD without affecting induction of LTP (56% _ 8%; n = 3). In three experiments, application of low frequency stimulation (three successive episodes) to one input following induction of LTP on two pathways resulted neither in homosynaptic LTD nor in heterosynaptic reversal of the LTP obtained on the separate input. Control experiments carried out on slices treated for 1-2 hr with the solvent (0.8% ethanol, 0.2% Tween 20) showed a preserved homosynaptic LTD as well as a heterosynaptic reversal of the LTP initially induced (from 144% _+ 7% to 97% _+ 7% ;n = 3).
Having observed this heterosynaptic reversal of LTP by induction of LTD on a separate pathway, we then also analyzed whether a similar heterosynaptic interaction could be observed on a depressed pathway following LTP induction. Experiments were carried as illustrated in ure 4. Two stimulating electrodes were placed on both sides of the recording pipette to activate two separate groups of synapses to the same dendritic field. LTD was then induced twice consecutively on the two inputs by coactivation. In control experiments, these two episodes of low frequency stimulation resulted in stable LTD (36% --+ 3%; n = 14) which was usually close to the maximal level of depression that could be obtained. Application of a third episode of low frequency stimulation under these conditions resulted in six experiments in only 6% _+ 1% additional LTD. In the six experiments of Figure 4A , the two episodes of low frequency stimulation applied simultaneously to the two pathways produced 37% ± 3% and 38% _+ 2% LTD. At 35 rain after the last low frequency train, LTP was induced on one input by applying three successive episodes of high frequency stimulation at 25 min intervals. As illustrated, this resulted in a marked potentiation of responses on the stimulated pathway, but also in a progressive reversal of the LTD initially induced on the other heterosynaptic input. This effect was observed in 12/14 slices tested in this study. As for the reversal of LTP, reversal of LTD in these experiments occurred rather progressively after application of the high frequency trains. In seven experiments carried out using the same protocol, heterosynaptic reversal of the initial LTD varied between 26% and 97%, with a mean value of 66% -14% ; i.e., the EPSP slope expressed as a percentage of baseline values increased from 62% _ 3% (after two LTD trains) to 87% ± 4% (after three high frequency trains to the other input; p < .01; n = 7). The homosynaptic LTP in these experiments was 78% _ 11%; i.e., the EPSP slope increased from 63% ± 4% (after two LTD trains) to 141% ± 7% (after three LTP trains to the same input). This heterosynaptic reversal of LTD seemed also to be related to the effective induction of LTP on the other input, since as shown in Figure 4B , three experiments carried out by perfusing slices with D-AP5 (50 p.M) during the application of high frequency trains resulted in a blockade of homosynaptic LTP, as well as no apparent heterosynaptic changes of the LTD initially induced on the other input (68% __. 3% beforeand 72% -+ 4% afterthree LTPtrains to the other input).
To verify that the changes observed in Figure 4 were not due to nonselective effects, we also carried out five additional experiments of the type illustrated in Figure 5 .
In these experiments, three stimulating electrodes were used, with the third electrode placed close to and on the same side as that used to test for a heterosynaptic interaction. Independence was again assessed by the absence of heterosynaptic facilitation, although homosynaptic facilitation was always observed. Also, LTD was initially induced on only one input as an additional test that different groups of synapses were activated by the three electrodes. We then applied two successive LTD trains using coactivation of the two test pathways, waited for 60 min to verify the stability of the LTD, and induced LTP on one input by applying three consecutive episodes of high frequency stimulation. As illustrated, this resulted in a marked homosynaptic LTP as well as a progressive reversal of the LTD initially induced on the heterosynaptic pathway. In contrast, neither LTP nor LTD trains were found to affect the third control inputs significantly. At the end of the experiment, low frequency stimulation was reapplied to the pathway with heterosynaptic reversal. In five experiments, this resulted in 23% +_ 4% LTD, a result markedly different from the changes produced by a third LTD train applied without heterosynaptic reversal (6% __. 1°; n = 6; p < .01, t test), but quite comparable to the LTD induced by a first episode of !ow frequency stimulation (27% _+ 2% ; n = 14).
Discussion
The results of the present study provide evidence that repeated induction of LTD or LTP on one pathway can be associated with a reversal of, respectively, the LTP or LTD induced on a separate, independent input. The heterosynaptic interaction described here specifically involved a reversal of one by induction of the opposite form of plasticity, without any modifications of naive responses.
In this respect, this heterosynaptic reversal effect represents a new type of heterosynaptic interaction that is different from the heterosynaptic associative or nonassociative depression described following induction of LTP in area CA1 or in the dentate gyrus (Lynch et al., 1977; Abraham and Goddard, 1983; Bradler and Barrionuevo, 1990; Christie and Abraham, 1992b) , and that is also different from the depression induced on one pathway by pairing depolarization prior to synaptic activation (Debanne et al., 1994) . The main interaction observed in these experiments is a reversal of a previously induced LTP or LTD. This is consistent with the results of other studies indicating that specific manipulations, patterns of activation, or even pharmacological treatments are capable of reversing synaptic potentiation (Fujii et al., 1991; Bittar and Muller, 1993; Larson et al., 1993; Stevens and Wang, 1993) . The new finding here is that this may occur heterosynaptically and involve LTD as well as LTP.
The changes described in this study are unlikely to reflect nonspecific effects or to be due to a partial overlay of groups of synapses between the different pathways tested. Several observations argue against this possibility. First, we verified that there was no heterosynaptic facilitation between separate inputs, whereas strong homosynaptic facilitation was always present. Second, we verified that induction of LTP or LTD produced synapse-specific changes without modifications of the other independent pathways tested. Third, using an additional input as a control provided clear evidence for a selective interaction with a previously potentiated or depressed pathway, and not for a generalized effect affecting all synapses to a dendritic field. Finally, the time course of the reversal effect, which occurred within 10-20 min, is incompatible with a crossed stimulation between the different inputs. Rather, the slow onset of the reversal suggests that stimulation of one input activated biochemical processes that progressively interfered with the stability of the LTP or LTD induced at other synapses.
Another interesting observation is that this heterosynaptic interaction seemed to require NMDA receptor activation and to depend upon similar mechanisms as those contributing to LTP or LTD. D-AP5 (50 ~M),'which prevented homosynaptic induction of both LTP and LTD, also prevented reversal of the opposite form of plasticity previously induced on a separate input. In the case of heterosynaptic reversal of LTP by LTD, the experiments with cyclosporin A even suggest that the postsynaptic cascade contributing to LTD is also involved in the heterosynaptic reversal of LTP. The blockade of LTD by cyclosporin A has been attributed to a postsynaptic inhibition of a calcineurin/inhibitor-1 phosphatase cascade, since the interference of cyclosporin A with LTD could be observed following injection of the compound in the postsynaptic neuron (Mulkey et al., 1994) . One interpretation of these results would therefore be that induction of LTD or LTP at a group of synapses could result in a rather widespread activation of different postsynaptic biochemical processes, including phosphatases and kinases, which could participate in a heterosynaptic modulation of, respectively, the LTP or LTD observed at other synapses of the same neuron. It is perhaps of interest to mention here that the experiments described in this study were carried out in slices prepared from young animals (14-18 days old), an age at which LTD can be obtained easily, but also an age at which the synaptic arborization has not yet reached the complexity of matu re tissue. Alternatively, it could be that the induction of LTD or LTP involves the activation of diffusible messengers that interfere with the functioning of adjacent synapses. Such diffusible messengers have been implicated in LTP (see Bliss and Collingridge, 1993; Zorumski and Izumi, 1993) and could account for the heterosynaptic potentiation observed in neighboring neurons when a pairing protocol is applied to only one of them (Bonhoeffer et al., 1989; Schuman and Madison, 1994) . Whatever the interpretation, the present results add further support to the idea that specific patterns of activity may result in the generation of messengers or activation of enzymes or molecules that are likely to affect the efficacy of transmission at nonactivated synapses.
From a functional point of view, this conclusion may have interesting implications. The observation that induction of LTP or LTD may heterosynaptically reverse previously induced changes in synaptic efficacy suggests that these two forms of plasticity may function in the hippocampus as mechanisms capable of resetting synaptic efficacy at nonactivated inputs of a given neuron. From a computational point of view, the implication is that basal neuronal activity will have a considerable impact on the stability of the changes in synaptic efficacy, such as LTP, induced at a group of synapses. This property may thus represent an important factor limiting the magnitude and duration of the changes associated with these forms of plasticity (Castro et al., 1989) . In this respect, this new type of heterosynaptic interaction between LTP and LTD could help determine the computational properties of the hippocampal network.
Experimental Procedures
Hippocampal slices (400 pm thick) were prepared from 13-to 18-dayold Sprague-Dawley rats using standard methods and a Mcllwain chopper. Theywere maintained in an interface chamber under continuous perfusion with a medium containing 126 mM NaCI, 3 mM KCI, 1.25 mM NaH2PO4, 1.5 mM MgSO4, 2.5 mM CaCI2, 22 mM NaHCO3, 10 mM D-glucose, and 2 mM ascorbic acid (pH 7.4) at 33°C. D-AP5 (l-ocris) and cyclosporin A (a gift from Prof. Miyamoto, University of Kumamoto, Japan) were applied in the perfusion medium. Cyclosporin A was prepared daily at a concentration of 15 mM in 20% Tween 20 and 80% ethanol.
Extracellular recordings were obtained using glass electrodes filled with medium and elicited using stimulating electrodes made of twisted nichrome wires placed on both sides of the recording pipette in the CA1 area. Synaptic responses were evoked alternatively on the two inputs at 30 s intervals and recorded using an Axoclamp ?.A amplifier. Initial slope, amplitude, decay time, and area were analyzed on-line and stored for statistical analysis. LTP was induced using theta burst stimulation (five bursts at 5 Hz composed each of four pulses at 100 Hz applied three times consecutively at 5-10 s intervals). LTD was induced by application of 15 rain low frequency trains at 1 Hz. Responses were not recorded during these low frequency trains, and for convenience these periods are not illustrated on the graphs.
